The results of a prospective study comparing ultrasound, intra-arterial digital subtraction angiography, and magnetic resonance angiography in the assessment of the degree of extracranial internal carotid artery stenosis are reported in patients with symptoms of recent carotid territory ischaemia. A total of 70 patients and 137 vessels were examined by all three techniques. The results obtained by each technique were reported blind. The mean difference (SD) for the comparison of magnetic resonance angiography and digital subtraction angiography was -0-7 (14)%, for ultrasound and digital subtraction angiography 3-1 (15)%, and for magnetic resonance angiography and ultrasound -3-8 (15) 
tightly stenosed vessels. With the assumption that the results of the digital subtraction angiogram reflect the true situation, the sensitivity and specificity in the detection of > 30% stenoses were 93% and 82% with ultrasound and 89% and 82% with magnetic resonance angiography; for stenoses >,70% 93% and 92% with ultrasound and 90% and 95% with magnetic resonance angiography; and for stenoses of 70-99% 89% and 93% with ultrasound and 86% and 93% with magnetic resonance angiography. For occlusion the values were 93% and 99% with ultrasound and 80% and 99% with magnetic resonance angiography. Increased sensitivity and specificity were obtained when analysis was confined to those vessels in which ultrasound and magnetic resonance angiography were in agreement over classification. It is thus possible to accurately categorise the degree of stenosis of the extracranial internal carotid artery from a combination of ultrasound and magnetic resonance angiography. The adoption of this combination for the investigation of patients before carotid endarterectomy removes the risk associated with conventional angiography and represents an important advance in the management of carotid stenosis.
(3 Neurol Neurosurg Psychiatry 1994;57:1466-1478)
The European Carotid Surgery Trial (ECST) and the North American Symptomatic Carotid Endarterectomy Trial (NASCET) have shown the benefit of carotid endarterectomy over current best medical care for patients with high grade stenosis of the symptomatic internal carotid artery.' 2 In such patients, after carotid endarterectomy, the risk of disabling stroke or death is reduced by about 75%. This benefit exists only if the risk of stroke or death during investigation and operation is low. If this risk exceeds 10%, the value of operation is marginal.'
Adequately displaying the appropriate carotid artery and accurately defining any stenosis present therefore plays a vital part in the management of patients with presumed ischaemic events in the territory of the carotid artery. The two techniques routinely employed for this purpose are duplex ultrasound examination and x ray contrast angiography. Whereas some centres routinely perform carotid endarterectomy on the basis of results from duplex ultrasound alone, [3] [4] [5] [6] most surgeons in the United Kingdom require angiographic demonstration of the carotid bifurcation, by either conventional cerebral angiography or intra-arterial digital subtraction angiography, before proceeding to operate.7 Unfortunately, for this group of patients these invasive techniques carry a risk of causing stroke of between 1% and 4%.8 This risk seems to be greater for those patients in whom there is appreciable atherosclerotic narrowing of the carotid artery. Our own series shows a 2% risk of serious stroke for patients with more than 30% stenosis of the carotid artery undergoing selective intra-arterial digital subtraction angiography.9 The risks of angiography should be added to those of operation when considering patients for endarterectomy. Therefore, while striving to reduce surgical risks, every effort must also be made to reduce the risks of angiography during the preoperative assessment of these patients. Magnetic resonance angiography is a new technique that can produce angiograms noninvasively (fig 1) . In a prospective study, we set out to measure the level of agreement between magnetic resonance angiography, intra-arterial digital subtraction angiography, and duplex ultrasound in determining the degree of stenosis of the internal carotid artery, at or around the carotid bifurcation, in patients under consideration for prophylactic carotid endarterectomy.
Methods
The study involved consecutive patients referred to the Walton Centre for Neurology and Neurosurgery for angiography from March 1992 to January 1993. Patients initially underwent clinical evaluation and duplex ultrasound examination at an outpatient cerebrovascular clinic. Those with symptoms of recent carotid territory ischaemic events and duplex ultrasound evidence of greater than 30% stenosis of the appropriate carotid artery were identified. Those wishing to proceed with further investigations were admitted within two to three weeks for intra-arterial digital subtraction angiography. Informed consent was obtained from patients agreeing to undergo repeat duplex ultrasound examination and magnetic resonance angiography, and all three techniques were then performed during the same hospital admission.
ULTRASOUND TECHNIQUE
Ultrasound was performed in all cases by the same experienced operator (PH), using both duplex ultrasound examination of the neck (Diasonics C400) and continuous wave probe examination of the neck and orbit (Krahnzbuhler 4 and 8MHz probe system). could not be measured in these circumstances. For the caliper analysis only, the magnetic resonance viewing angles were limited to those obtained at digital subtraction angiography. This was done because magnetic resonance angiography provides many more views of the bifurcation than are routinely obtainable by digital subtraction angiography. Magnetic resonance angiography could therefore report a tighter stenosis because of a "superior" viewing angle to digital subtraction angiography, rather than because of any inherent difference between the representation of the stenosis by the different techniques. Caliper measurements from magnetic resonance angiograms acquired by the three dimensional technique were used for analysis where possible, with the two dimensional angiograms assessed for those patients undergoing only this examination.
MEASUREMENT OF THE DEGREE OF STENOSIS
When measuring the degree of stenosis of the carotid artery, the percentage reduction in luminal diameter at the point of maximum stenosis is usually quoted. Often this figure is estimated by simple inspection of the angiogram by a radiologist. Strictly the value should be calculated by measuring the diameter of the original vessel lumen at the point of maximal stenosis, subtracting the diameter of the residual lumen at the same point, and expressing the result as a percentage of the original lumen to give the percentage stenosis. Problems arise because on a conventional angiogram it is not possible to directly measure the original lumen diameter. One solution is to mark on the angiogram the estimated position of the original lumen and make the appropriate measurements, as detailed. This is the method used in the ECST and has the obvious drawback that the result is based on a subjective estimate of where the vessel wall would be. The NASCET used an alternative approach whereby the lumen diameter of the distal internal carotid artery, an area not often affected by atheroma, was used in place of the theoretical original lumen diameter. This has the advantage of being an objective measurement, presumably with less observer variation, but the disadvantage that the result obtained is no longer the percentage reduction in lumen diameter at the point of the stenosis. Other methods have been used including estimates of the cross sectional area stenosis or simply measurement of the residual lumen diameter. We have relied on experienced radiologists reporting their visual impression of the degree of stenosis present, as we believe that this is the method most commonly used in routine clinical practice. The between and within observer variation in reporting with this method may be expected to be greater than when caliper measurements are used. Caliper readings were also taken based on measurements of the diameter of the residual lumen and of the distal common carotid artery as described. The common carotid artery diameter was used as denominator because the distal internal carotid artery was Studies that compare one measurement technique with another are often analysed inappropriately, notably by using correlation coefficients.'2 Previous studies comparing magnetic resonance angiography with conventional angiography have often quoted high correlation coefficients as an indication of good agreement. [13] [14] [15] [16] The correlation coefficient measures the strength of a relation between two variables, not the agreement between them, and it is possible to produce high correlation coefficients for data that seem to be in poor agreement.'2 Problems also arise if the data are divided into several groups-for example, mild (0-29%), moderate (30-69%), severe (70-99%), and occluded (100%) categories, with the frequency of assignments to the same category by each method used as a measure of agreement. Results by this technique can be quoted simply as the proportion of assignments in agreement or as the Kappa .
------.
-w Tables 1 and 2 show the results for the comparisons between magnetic resonance angiography and ultrasound with digital subtraction angiography, after grouping into mild, moderate, severe, and occluded categories.
The plots of the differences against the 
Discussion
The results show good agreement between all three techniques when assessing severe carotid artery stenoses. There are some sizeable differences in the assessment of degrees of stenosis for some patients with mild to moderate stenosis, in part related to interobserver variation in reporting. Based on digital subtraction angiography as the gold standard, non-invasive imaging will reliably identify those patients with tight (70-99%) stenosis. The mean differences between the different techniques were close to zero, indicating that all three methods agreed closely on average, although sizeable differences occurred between patients (figs 2-4). When comparing digital subtraction angiography and magnetic resonance angiography the 95% confidence interval for the mean difference included zero, indicating no statistically significant bias. This was not the case when comparing ultrasound with either digital subtraction angiography or magnetic resonance angiography, indicating that ultrasound was recording slightly tighter degrees of stenosis, on average, than the other two modalities. The SDs of the differences between each pair of modalities, an estimate of the error between methods, were similar, indicating similar levels of agreement between each pair of modalities. When comparing the results measured by caliper the mean difference was again close to zero whereas the SD of the differences was considerably less. Thus measuring the same diameters of vessels from the same viewing angle with calipers gave better agreement than recording the visual impression of the percentage stenosis. The caliper measurements, based on the diameter of the common carotid artery some distance away from the point of maximum stenosis, did not actually measure the percentage stenosis, although there was a strong correlation between the two. The results of between and within observer comparisons show similar levels of variation in the radiologists' reporting of digital subtraction and magnetic resonance angiograms. The caliper measurements again show less variation, although an important part of this analysis, namely between observer variation in caliper measurements, has not been performed. These Because the diagnosis by conventional angiography is not perfect, the sensitivity and specificity values obtained for magnetic resonance angiography will vary according to the prevalence of the abnormality in the patients studied.25 Strictly, these results should only be applied to patients with the same prevalence of disease as in this study. The results obtained show consistently high values of sensitivity and specificity for both magnetic resonance angiography and duplex ultrasound compared with digital subtraction angiography.
The specificity for both ultrasound and magnetic resonance angiography in diagnosing occlusion was high at 99%. Each method diagnosed one vessel as occluded whereas the digital subtraction angiogram showed a tight stenosis. In the case classified as occlusion by magnetic resonance angiography, digital subtraction angiography and ultrasound showed 98% and 95% stenosis respectively. The magnetic resonance angiogram was reviewed and the misclassification found to be due to failure in distinguishing the distal internal carotid artery from branches of the external carotid artery. A characteristic feature of magnetic resonance angiography is the appearance of an apparent gap in the signal from vessels with a tight stenosis (fig 6) . This signal gap corresponds to a region of complex, non-laminar blood flow that exists for a short distance immediately beyond a tight stenosis and from which little signal can be generated with the usual magnetic resonance angiography sequences. Further along the course of the vessel, as uniform blood flow reconstitutes, the signal returns, giving the appearance of a gap in the vessel. Usually it is straightforward to identify the signal from blood flow in the more distal internal carotid artery and to classify the vessel as tightly stenosed. If the full length of the artery is not included in the scan, it is possible to miss signal from the distal internal carotid artery, or to confuse signal from it as being from a branch of the external carotid artery, and misclassify the vessel as occluded. On reviewing the individual axial slices from the two dimensional magnetic resonance angiogram of the particular case, it was evident that there was flow within the distal internal carotid artery, indicating a tight stenosis. We now routinely review individual two dimensional slices through the skull base before diagnosing occlusion, looking for evidence of flow within the distal internal carotid 
The one vessel with ultrasound pseudo-occlusion in this study was recorded as 98% and 95% stenosed respectively by digital subtraction angiography and magnetic resonance angiography.
The sensitivity of magnetic resonance angiography in diagnosing occlusion would seem to be low at 80%, with three vessels classified as tightly stenosed by magnetic resonance angiography but as occluded by digital subtraction angiography. On reviewing these cases it was considered that in two instances the magnetic resonance angiogram was correct and that the digital subtraction angiogram had been misreported in one case, and had missed the tight stenosis in the other (fig 7) . In this case the magnetic resonance angiogram was straightforward to interpret and ultrasound examination, both before and after digital subtraction angiography, clearly documented a tight stenosis. In the third case, a vessel was reported as tightly stenosed by magnetic resonance angiography and occluded by both digital subtraction angiography and duplex ultrasound. At the end of the study the magnetic resonance angiogram was reviewed, still blinded to the results of other investigations, and was reported as occluded. It is not clear why this vessel was originally misclassified. Overall, particularly when individual axial two dimensional slices through the base of the skull are consulted, we believe that magnetic resonance angiography is highly reliable in detecting occlusion.
For diagnosing stenoses of 70% or greater, both ultrasound and magnetic resonance angiography perform well. Whatever the method chosen, agreement between the two tests seemed to be better for stenoses > 50% than for stenoses <50%. This is shown clearly in the plots of the differences against stenosis as measured by digital subtraction angiography (figs 2, 3), with small differences present in the region of tight stenoses and considerable differences for mild and moderate stenoses. A similar effect was also seen in the assessment of between and within observer variation for both magnetic resonance and digital subtraction angiography ( fig 5) . In general there is more observer variation, and therefore less agreement, when reporting mild stenoses, a finding noted in other studies. 2' 23 Consequently, both ultrasound and magnetic resonance angiography are less sensitive and specific in diagnosing mild stenosis than digital subtraction angiography. At these levels of stenosis, ultrasound seems closer to the results of conventional angiography.
When only those cases in which the results for ultrasound and magnetic resonance angiography were in agreement are considered, the comparison with digital subtraction is even closer. It has been suggested that it may be possible to make decisions concerning prophylactic carotid endarterectomy with only the results from ultrasound and magnetic resonance angiography, if these are in agreement.303' As the sensitivity and specificity of this combination, measured against conventional angiography, is less than 100%, adopting this approach would result in some patients being referred for operation, and some being treated medically, on the basis of non-invasive tests, when they would have been advised the opposite treatment had conventional angiography been performed. For Furthermore, given the considerable between and within observer variation in the reporting of angiograms that has been documented, it is clear that some patients are already being managed inappropriately on the basis of conventional angiography. With the same criteria for identifying vessels suitable for operation, there were disagreements over 13 vessels (9%) concerning suitability for operation when two different radiologists were interpreting the digital subtraction films, and eight disagreements (6% of vessels) when the same radiologist reported the same digital subtraction films on two different occasions. Thus when identifying vessels with 70% to 99% stenoses, the number of disagreements between magnetic resonance angiography and digital subtraction angiography (14 vessels) was similar to the number produced by the between observer variation in reporting the digital subtraction angiograms (13 vessels).
Other investigators have reported good results with magnetic resonance, although studies to date have been carried out on different patient populations, with different techniques for conventional angiography, magnetic resonance angiography, and ultrasound examination. The results from most of these studies are based on few patients (less than 50 bifurcations).'2'8 Others, due to the rapid pace of technological development, are based on magnetic resonance sequences that have since been superseded,39 40 and some have inappropriately used correlation to measure agreement."3 14 Laster et al, in a large series, found excellent agreement between selective contrast angiography and two dimensional time of flight magnetic resonance angiography, when comparing area stenosis by contrast angiography with visual appearance of magnetic resonance angiograms.4" As discussed previously, both ECST and NASCET used estimates of percentage diameter reduction to assess stenosis. Huston et al, reported 100% sensitivity and 67% specificity for two dimensional time of flight magnetic resonance angiography in diagnosing stenoses of 50% or greater when compared with conventional angiography.4' By contrast with our results, they found that the degree of stenosis was consistently overestimated by magnetic resonance angiography.
Wherever possible, the results of both the two dimensional and the three dimensional magnetic resonance angiograms were available to the radiologists. It is not possible therefore, to compare separately the results of the two dimensional and three dimensional techniques with conventional angiography. In general we found the two techniques to be complementary. The two dimensional angiograms covered a wide region around the bifurcation from which it was easy to distinguish the internal and external carotid arteries. This was not always the case when viewing the three dimensional angiograms, which covered a smaller region. Interpretation of the three dimensional magnetic resonance angiogram in this situation required cross reference with the two dimensional magnetic resonance angiogram for correct identification of the internal carotid artery. The contrast between flowing blood and stationary tissue in the two dimensional scan was generally high, even in cases of slow flow, a situation in which vessels were poorly visualised by the three dimensional technique. The three dimensional technique provided higher resolution of the region of stenosis and gave higher signal from the complex flow beyond a tight stenosis than the two dimensional technique.
There are some problems with magnetic resonance angiography. Some patients simply cannot be scanned, such as those with pacemakers or severe claustrophobia. In this study five patients (6%) could not complete scans, two (3%) because of claustrophobia, although this may have been a factor in five patients declining to take part in the study. Occasionally the results obtained are uninterpretable, most commonly because of excessive patient motion. It is possible to place the inaging slices or volume in such a position as to miss the carotid artery bifurcation. In our experience this is usually due to poor visualisation of the bifurcation on sagittal localising images. We now use a series of axial two dimensional magnetic resonance angiogram slices covering the region from shoulder to skull base as localising images, from which it is relatively simple to locate the bifurcation and accurately position the full angiogram sequences. We do not routinely obtain views of the origin of the vessels from the aortic arch, and although such scans can be obtained, information concerning the accuracy of magnetic resonance angiography in this area is currently lacking. We routinely obtain views of the carotid siphon, although imaging in this area poses technical difficulties for magnetic resonance angiography and data concerning accuracy in this region is again lacking. Although there is some debate surrounding this particular problem,4344 in our experience relevant siphon stenosis is not a common occurrence and rarely affects the decision to operate; a view for which there is increasing evidence.4546 Artifacts peculiar to magnetic resonance angiography are encountered, such as the signal gap occurring beyond a tight stenosis. As mentioned previously we have found this useful as it indicates the presence of a tight stenosis and others have even suggested that this appearance could be used to identify patients for endarterectomy without the need for any other preoperative studies.47 In this study there were 42 vessels with a signal gap present on two dimensional magnetic resonance angiography. All of these vessels were assigned to the severe stenosis category (70-99%) by digital subtraction angiography. Apparent signal gaps can occur with the two dimensional magnetic resonance angiogram techniques utilising a travelling saturation slice. This most commonly occurs when there is a loop in the artery, and creates a peculiar discontinuity in the apparent course of the vessel. It results from arterial blood travelling in the opposite direction to normal in the neck-that is, towards the feet-and in so doing passing through a region of radiofrequency pulses positioned superiorly to the imaging slice for the purpose of preventing signal generation from venous blood. The loop can, however, be visualised quite clearly with a three dimensional technique. A combination of reversed flow and non-laminar flow can occur in the normal carotid bulb giving rise to apparent flattening of the bulb on magnetic resonance angiograms, more pronounced with the two dimensional technique. If this is not appreciated there will be a tendency to classify normal arteries as mildly stenosed. Apparent discontinuities can also occur if the patient moves appreciably during the acquisition of the two dimensional angiogram. This is easy to identify and unless the slice being imaged at the time of motion is in a critical position, such as at the stenosis, it is not usually a serious problem. A 
